The interface between cells and nonbiological surfaces regulates cell attachment, chronic tissue responses, 14 and ultimately the success of medical implants or biosensors. Clinical and laboratory studies show that topological features 15 of the surface profoundly influence cellular responses; for example, titanium surfaces with nano-and microtopographical 16 structures enhance osteoblast attachment and host−implant integration as compared to a smooth surface. To understand 17 how cells and tissues respond to different topographical features, it is of critical importance to directly visualize the cell− 18 material interface at the relevant nanometer length scale. Here, we present a method for in situ examination of the cell-to-19 material interface at any desired location, based on focused ion beam milling and scanning electron microscopy imaging to 20 resolve the cell membrane-to-material interface with 10 nm resolution. By examining how cell membranes interact with 21 topographical features such as nanoscale protrusions or invaginations, we discovered that the cell membrane readily 22 deforms inward and wraps around protruding structures, but hardly deforms outward to contour invaginating structures.
39 those having a smooth surface for osteoblast attachment, host− 40 implant integration, and the overall success of the implant. 1,5 At 41 the cellular level, surfaces with nano-and micrometer 42 topographical features have been shown to actively affect cell 43 behavior such as stimulating stem cell differentiation, 6 44 enhancing osteoblast maturation, 7 and regulating macrophage 45 activity. 8 In this context, understanding how cells interact with 46 different features on the material surface is essential to study 47 how surface topologies regulate cell signaling, guide cell 48 migration, and control stem cell differentiation. 9−11 49 The most critical feature of the cell-to-material interface is 50 the cleft between the cell membrane and the material surface, 51 usually in the range of 50−200 nm for flat surfaces. 12−14 52 Sophisticated optical techniques have been developed to 53 measure the cleft distance, such as fluorescence interference 54 contrast (FLIC) microscopy, 15−17 surface-generated structured 55 illumination microscopy, and variable incidence angle FLIC 56 microscopy (VIA-FLIC 18 ). However, these interference-based 57 techniques are limited to smooth and reflective surfaces and are 58 not suitable for surfaces with topological features. Transmission 59 electron microscopy (TEM) is the most widely used method to 60 directly visualize membrane structures at the nanoscale. 13,14,19 61 However, TEM requires sectioning the sample into ultrathin 62 slices (<100 nm thickness) with mechanical knives, a procedure 63 not compatible with a variety of substrate materials. For this 64 reason, the support material underneath the cells has to be 65 removed and the removal process by chemical or physical 66 treatment is often not feasible; even if feasible, the procedure is 67 challenging and can induce structural artifacts at the inter- (1), intracellular membranes (2), nucleoli (3), nucleus (4), and cellular membrane (5). Inset: At the interface between the cell and the quartz substrate, the plasma membrane is shown to warp around a vertical nanopillar. Intracellular structures and local curvatures on the plasma membrane resembling clathrin-mediated endocytosis events can be identified. (f, g) Zoomed-in FIB-SEM images of mitochondria (f) and nuclear envelope (g). The insets clearly resolve the inner and outer membranes and interstitial space. Figures e−g have been acquired from backscattered detectors (voltage: 5−10 kV, current: 0.64−1.4 nA), tilt is 52°, and original images are black−white inverted.
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Article DOI: 10.1021/acsnano.7b03494 ACS Nano XXXX, XXX, XXX−XXX B 81 embedding methods have been developed to allow the 82 visualization of cells on microstructures, 24,27,28 but the contrast 83 of the resulting samples is still too low to clearly resolve the 84 membrane-to-material interface at the nanoscale. To date, there 85 is no method that can reliably resolve the plasma membrane in 86 proximity to nano-and microstructures and thus to measure 87 the cleft distance between the cell membrane and the material 88 surface. Therefore, the question of how surface topology affects 89 the cleft distance remains largely unexplored. 90 In this work, we present a FIB-SEM method that can 91 precisely resolve the cell-to-substrate interface with 10 nm 92 resolution. At the core of our FIB-SEM method is a sample 93 preparation method based on controlled thin-resin plasticiza-94 tion of adherent cells with heavy metal staining. Unlike the 95 usual hard drying methods, this procedure embeds cells in a 96 thin plastic layer, which not only preserves the subcellular 97 structures but also provides a solid support for the subsequent 98 FIB milling. 99 , and a flat surface (l). (c, e, h, j) FIB cross sections revealing that the plasma membrane wraps tightly around nanopillars with 400 nm (c) and 1500 nm diameter (e), while it mostly grows on top of nanopores of about 400 nm in diameter (h) and tentatively grows inside the nanopore of about 6 μm diameter but remains far away from the surface in most places (j). (m) FIB cross section of a cell on a planar silicon surface showing the membrane-to-material contact at the interface. (n) Direct measurements showing that nanopillars reduce the cleft distance as compared to flat surfaces, while nanopores drastically increase the cleft distance. 118 then, flushing the sample with ethanol. This step thins down 119 the resin coating outside the cell membrane to tens of 120 nanometers while maintaining a stable intracellular resin 121 embedding. 24 The final step involves curing the liquid resin 122 to a thin layer of plastic with cells embedded inside. Since 123 extracellular resin is largely removed, cell topography and 124 membrane protrusions in contact with the underlying substrate 125 are clearly visible under SEM. Figure 1b shows a resin-126 embedded HL-1 cell cultured on a quartz substrate with arrays 127 of nanopillars, and Supplementary S1 shows resin-embedded 128 PC12 cells and primary cortical neurons cultured on flat glass 129 substrates, where fine features of the cell membrane are well 130 preserved. 131 Samples prepared via thin-layer plasticization are directly 132 mounted on FIB-SEM for in situ examination of the cell-to-133 substrate interface. For this purpose, we first examine a large 134 sample area by SEM to identify locations of interest, such as 135 places where cell membranes are in contact with topological 136 features such as nanopillars. Once a desired area is located, it is 137 coated with a thin layer of platinum to prevent sample damage 138 during the next FIB milling step (see Experimental Procedure 139 and Supplementary S2). Then, a high-energy gallium ion beam 140 (acceleration current of 0.74 nA) is focused on the sample to 141 cut through the platinum protection layer, the cell-embedded 142 thin plastic layer underneath, and at least 1 μm deep into the 143 substrate. This process is repeated to remove material and 144 opens up a vertical surface (Figure 1c,d) . Then, a low-current, 145 e.g., 80 pA, ion beam is used to remove redeposited material 146 and polish the cross section. This step is critical for limiting the 147 well-known curtaining phenomena and ion-induced structural 148 damage at the interface. 33 SEM visualization of the cross 149 section clearly shows intracellular structures as well as the 150 interface between the cell membrane and the substrate ( Figure  151 1e ). Unlike previous FIB-SEM images that usually contain 152 sponge-like structures with no discernible subcellular struc-153 tures, 24,27,34 our FIB-SEM images show very clear subcellular 154 structures such as the cell membrane, the nucleus, nucleoli, the 155 nuclear envelope, mitochondria, and intracellular membranes. 156 We note that the resin wash step of the thin-resin plasticization 157 procedure needs to be carried out gently to avoid over-removal 158 of the resin, which can cause cracks in the cell membrane and 159 intracellular space. For the heavy metal staining step, either 160 overstaining or understaining results in poor structural contrast 161 and lower resolution, similar to TEM samples. All FIB-SEM 162 images are black-and-white inverted. Original images are shown 163 in Supplementary S2. 164 To determine the resolution of our FIB-SEM method, we 165 have examined a group of well-characterized cellular compart-166 ments using high-magnification SEM imaging. Figure 1f shows 167 a mitochondrion with clearly resolved inner and outer 168 membranes (∼10 nm distance) as well as the cristae structures. 169 Figure 1g shows the structure of a nuclear envelope with well-170 distinguishable inner and outer membranes, which are 171 separated by an interstitial space of about 20 nm. Endoplasmic 172 reticulum (ER) structures as parallel running membranes can 173 be seen in the vicinity of the nucleus, and the associated small 174 granules attached to the membrane of the ER likely are 175 ribosomes (Supplementary S3). Other intracellular structures 176 such as multivesicular bodies and intracellular membrane can 177 also be resolved in Supplementary S3. Furthermore, a high-178 magnification SEM image of the cell−substrate interface clearly 179 reveals that the plasma membrane is very close to the flat (measurement statistics shown in Supplementary S10). As seen 242 in Figure 2n , the cleft distance is ∼100 nm (stdv 50 nm) for the
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Article DOI: 10.1021/acsnano.7b03494 ACS Nano XXXX, XXX, XXX−XXX D 243 flat surface, which agrees with previous studies. 12, 14 The cleft 244 distance decreases to ∼15 nm (stdv 10 nm) for nanopillars, 245 while it increases to >400 nm for nanopores (stdv 300 nm). 246 These dramatic changes in the cleft width suggest that the 247 plasma membrane interacts with protruding and invaginating 248 surface topologies in fundamentally different ways. In addition, 249 we calculated the cleft area between the membrane and the 250 nanostructures for all the investigated nanoholes and nanopillar 251 types. The cleft index measurement confirms that the cleft area 252 increases in the presence of nanopores and decreases in the 253 presence of nanopillars (see Supplementary S10 and S11 for 254 details). 255 To corroborate the FIB-SEM studies, we also examined how 256 the plasma membrane interacts with different surface topologies 257 by fluorescence imaging. At the same time, we simultaneously 258 probed the distribution of actin filaments, which are well known 259 to participate in the dynamics and the formation of protrusions 260 or invaginations on the cell membrane. 37,38 Cells were 261 cotransfected with two plasmids, CAAX-GFP, which serves as 262 a marker for the plasma membrane, and LifeAct-RFP, which is 263 widely used to visualize F-actin in cells. Fluorescence imaging of 264 CAAX-GFP confirms that the cell membrane wraps around 265 nanopillars (bright spots due to projection of the vertical 266 membrane in Figure 2a ) but not nanopores or flat surfaces 267 (Figure 2f,k) . LifeAct-RFP imaging shows that F-actin 268 accumulates strongly on nanopillar locations, but is absent at 269 nanopores (Supplementary S12) and flat surfaces (data not 270 shown). This preliminary result suggests that actin filaments 271 might be involved in forming the close contact between the cell 272 membrane and the nanopillars. 273 Next, we examine whether the topological effect for the 274 interface cleft depends on the chemical composition of the 275 material. Considering that our FIB-SEM method is applicable 276 to materials with diverse composition and stiffness, we 277 Figure 3a ) still clearly resolves the 286 cell membrane−surface gap, achieving the first cross section 287 visualization of cells on the PEDOT surface. Here, we 288 measured the effective distance of the plasma membrane 289 from the surface. The cell membrane is seen in close contact 290 with the flat PEDOT surface, and the average cleft distance is 291 measured to be 89 ± 73 nm (stdv), similar to the cleft distance 292 for the flat quartz surface at 98 ± 52 nm (stdv). Next, we 293 compared the cleft distances for nanopillar substrates made of 294 quartz and covered with a thin layer of PEDOT (Figure 3c,d) . 295 Our measurements show that the average cleft distances for 296 quartz nanopillars and PEDOT nanopillars are similar (15 ± 297 2.7 nm and 11 ± 4.1 nm, stdv) but much smaller than that for 298 the flat surfaces. The statistical details of these measurement are 299 shown in Supplementary S10. 300 Finally, we explored the capabilities of the FIB/SEM method 301 for volumetric imaging and multiangle imaging. FIB-SEM 302 allows repetitive milling and imaging, allowing the investigation f4 303 of a volume of interest (Figure 4a ). We used low current (e.g., 304 80 pA) for sequential FIB milling, which achieves a slice 305 thickness of about 20−40 nm and well beyond the capability of 
Article DOI: 10.1021/acsnano.7b03494 ACS Nano XXXX, XXX, XXX−XXX 334 along six connecting lines (yellow arrowed lines corresponding 335 to four regions of interest and green arrowed lines being the 336 connecting lines in Figure 4g ). FIB-SEM imaging of the cell 337 body shows the nucleus, a large number of intracellular 338 organelles, and the plasma membrane wrapping around the 339 nanopillars (Figure 4i ). By multiangle milling, FIB-SEM also 340 offers the advantage of examining a location from multiple 341 directions, as shown by the 90-degree intersection between 342 neurite-2 and the cell body (Figure 4h) . The cross section of 343 neurite-3 is shown in Figure 4j 
Article DOI: 10.1021/acsnano.7b03494 ACS Nano XXXX, XXX, XXX−XXX 355 resolution at 10 nm and is suitable to investigate the interface 356 between the cell membrane and nonbiological materials. Our 357 study reveals a surprising discovery that the cleft width between 358 the cell membrane and the substrate surface is strongly 359 influenced by the surface topology. As the cell attachment and 360 the membrane-to-material interface strongly influence the 361 performance of medical implants and biosensors, our study 362 suggests that surface topology is a crucial consideration for the 363 development of new materials and devices for biological 364 applications. Furthermore, as the FIB-SEM method is 365 compatible with a variety of substrate materials and top-366 ographies, we expect that this method can be used for more 367 sophisticated in vivo studies such as examining the interfaces 368 between osteoblast and titanium implants. We also expect this 369 FIB-SEM method to be compatible with immunolabeling and 370 genetically encoded EM enhancers. 42 371 EXPERIMENTAL PROCEDURE 372 1. Nanostructure Fabrication, Characterization, and Prep-373 aration. Fabrication and Characterization of Quartz Nanopillars, 374 CUIO Structures, Nanobars, and Nanotubes. Nanostructures (NSs) 375 used in this work were fabricated on a 4 in. quartz wafer using 376 electron-beam lithography (EBL). In brief, the wafer was diced into 377 pieces 2 cm × 2 cm square. After sonication cleaning in acetone and 2-378 propanol, the pieces were spin-coated with 300 nm of ZEP-520 379 (ZEON Chemicals), followed by E-Spacer 300Z (Showa Denko). 380 Desired patterns were exposed by EBL (Raith150) and developed in 381 xylene. The mask was then created by sputter deposition of 100 nm Cr 382 and lift-off in acetone. NSs was generated by reactive ion etching with 383 CHF 3 and O 2 chemistry (AMT 8100 etcher, Applied Materials). 384 Before cell culture, the substrate was cleaned in O 2 plasma and 385 immersed in Chromium Etchant 1020 (Transene) to remove Cr 386 masks. SEM (FEI Nova) imaging was performed on 3 nm Cr 387 sputtered substrates to measure the dimensions of different NSs. 388 Silicon Nanocones. A monolayer polystyrene nanosphere (PS) 389 array, which consists of PSs with an average diameter of 3 μm, was self-390 assembled on glass-based silicon substrates with the Langmuir− 391 Blodgett method. To control the effective intervals between the 392 formed silicon nanopillars, a reactive ion etching process with oxygen 393 (O 2 ) as an etching gas was then followed to shrink the PSs (with a 394 final diameter of 1 μm). Silicon nanocones were last formed on glass 395 substrates by introducing chlorine (Cl 2 ) and hydrogen bromide (HBr) 396 gases to reactive-ion-etch the silicon materials exposed to the plasma. 397 Quartz Nanopillars with PEDOT:PSS Cover Layer. Fused silica 398 glass substrates were cleaned using a standard soap, acetone, 2-399 propanol sonication sequence. Poly(3,4-ethylenedioxythiophene) 400 polystyrenesulfonate (PEDOT:PSS) (Heraeus, Clevios PH 1000) 401 solution in water was doped with 5 wt % ethylene glycol (EG), 0.1 wt 402 % dodecyl benzenesulfonic acid (DBSA) as a surfactant, and 1 wt % 403 (3-glycidyloxypropyl)trimethoxysilane (GOPTS) as a cross-linking 404 agent to improve film stability. EG, DBSA, and GOPS were all 405 obtained from Sigma-Aldrich. After spin-coating at 1000 rpm for 2 min 406 the films were baked at 120°C for 10 min. 407 Furthermore, the nanopillar substrates were cleaned using an 408 oxygen plasma etch and the standard acetone 2-propanol sequence 409 without ultrasonication to protect the pillars. A similar PEDOT:PSS 410 solution was spin-coated at 3000 rpm for 2 min and subsequently 411 baked for 10 min at 120°C to create a uniform film covering the 412 pillars. 413 Nanopores. A 500 μm thick (100) silicon wafer was used for the e-414 beam writing. The sample was spin-coated with 300 nm of negative 415 electron-sensitive resist Ma-N 2403 (MicroChem Corp.) and then 416 baked at 100°C for 4 min. The pattern was written using an e-beam 417 lithography system (NanoBeam nB5) at 80 kV and was developed in 418 Ma-D 525 developer (Microchem Corp.). A 50 nm layer of Cr metal 419 was deposited using e-beam evaporation for mask creation. After liftoff, 420 nanopores were created on the silicon wafer, defined by a Cr mask, 421 and etched using an ICP-GSE200 etcher (North Microelectronics). 422 Finally, the Cr mask was removed by concentrated hydrochloric acid. HL-1 Cells. Confluent HL-1 cells, cultured in a 33 mm Petri dish, 458 were incubated with 1 mL of 0.25% trypsin/EDTA for 5 min at 37°C. 459 The cell−trypsin solution was transferred into a 15 mL tube, and 2 mL 
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